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* Develop and demonstrate technologies

« Extreme scale, MEMS enabled platforms

N\ ﬁﬁi—'ﬂ@ Millimeter-scale Robotics Technology 4

Objective

to provide the Army a low-cost, low
observable, mobile sensor platform

Benefits

can provide unprecedented low-

observability & accessibility & integrated

multifunctionality at low unit cost

Conceptual illustrations of highly integrated mm-scale
low-cost, low observable, mobile sensor platforms for

empowering and unburdening the soldier

Technical Barriers

Biological mobility with nontrivial load
bearing

Scale-limited power & energy

Approach

» Develop high performance PZT MEMS
actuation and biological-like mechanisms

» Leverage thin film batteries and collaboratively
develop integrated power solutions

Simplest systems still require high degree |« Exploit MEMS, microelectronics, and the

of integration
Designh complexity

levels

UNCLASSIFIED

limited application of standard packaging
» Holistic design of system, component, device
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ROECOM ARL Millimeter-scale Robotics
' Research Collaborations with UCSB, IMT, ARL —SEDD, ARL-
VTD, ARL-WMRD, UMich, & Penn St.
Objective: Provide the Army a
low-cost, low observable, mobile
sensor platform

Subsystems with

PiezoMEMS

integration o =
pOtentIa| . Suite Systems
* Mobility:

* Sensing:

» Proprioceptive
» Payload
« Communications:
* RF MEMS
* Power:
+ Transformers
» Harvesting
« Control:
* Mechanical Logic

* Memory
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ROECOM ARL Millimeter-scale Robotics ‘

Research Collaborations with UCSB, IMT, ARL —SEDD, ARL-
VTD

Objective: Provide the Army a
low-cost, low observable, mobile
sensor platform

Subsystems with _
PiezoMEMS Mm-Scale
integration Flight
potential: -
* Mobility:

* Sensing:

* Proprioceptive
» Payload
« Communications: Flapping
- RF MEMS Flight
* Power:
* Transformers
» Harvesting
+ Control:
* Mechanical Logic

* Memory
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RODECOM ARL Millimeter-scale Robotics ‘
- Research Collaborations with UCSB, IMT, ARL —SEDD, ARL-

VTD, ARL-WMRD, UMich, & Penn St.

Vlicro- dics & Optics Packag
Objective: Provide the Army a o Mm-Scale
low-cost, low observable, mobile _—— Ground Mobilit
~ S 48 Platform | e
sensor platform ' =

Subsystems with
PiezoMEMS Mm-Scale S, I

integration Flight il " —_—
potential: ‘ R S &7 W8 Actuation &
» Mobility: ray SN, | Mechanisms

ANSYS)

* Sensing:
» Proprioceptive
» Payload

« Communications:
* RF MEMS

* Power:

* Transformers

+ Harvesting

e Control:

* Mechanical Logic

* Memory
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RDECOM ARL Millimeter-scale Robotics

: Research Collaborations with UCSB, IMT, ARL —SEDD, ARL-

VTD, ARL-WMRD, UMich, & Penn St.

Objective: Provide the Army a T S Mm-Scale
low-cost, low observable, mobile ¥ l Ground Mobility
~ - . o4 Platform .- s
sensor platform 75 - ‘

Subsystems with

PiezoMEMS HITSEELE

integration Flight B —
potential: ; g S %" W8 Actuation &
* Mobility: 7 R, 5 ESN Mechamsm§

* Sensing:

* Proprioceptive Proprioceptive
- Payload “ Sensing

« Communications: : y - = == Ultrasonic
. RF MEMS 4 — S Motors

« Power: 4, =¢ ‘

* Transformers

» Harvesting

« Control:
Leveraged Research Adhesion £ g
MEMS logic e

Integrated Power & ﬁ
R

b/ Reversible | fj}é‘;}o
« Mechanical Logic f Y& f;

* Memory

RF MEMS

Approved for Public Release



BDEBU@ PiezoMEMS Flapping Micro-flight

Collaborations with Chris Kroninger (VTD), Dr. Eric Wetzel (WMRD)

 |nternal ARL multi-directorate research

e Goals:

— Initial (DRI): Feasibility assessment &
demonstration

Produce lift and flight characteristics similar to t
in the same size class

— Current (Mission): Develop enabling tec
« Design: A i

P Strok
Actuat

— 2 dof actuation

— Thin film wings reinforced with stiff vena

« Accomplishments:

— ~120° stroke amplitudes at 10V drive (re P
— ~45° pitch amplitudes at 25V drive (quag A:.‘I‘.me.:

. . . Two d f
— frequencies similar to fruit fly (150-250Hz) free“é?)mei’éffaﬁon
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””Ec@ Example Results
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ant:a@ Example Results -‘
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RDECOM Millimeter-scale Robotics: ‘

= Feasibility Analysis

Key System-level Questions:
— Power
— Load Bearing

— Framing the Mobility
Design Problem

Operational
Environment

- .
7/ N
X

System

c%;;?’?:ent Capabilities

Design

Subsystem
Design
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RDECOM Millimeter-scale Robotics: a

ETT ARG EWA TS

Key System-level Questions:

— Power
— Load Bearing

— Framing the Mobility
Design Problem

System

nt ystem
Compor® I capabilities

Design

Subsystem
Design

Approved for Public Release

Thin Film Battery Performance

)\ 4

Power vs Mass

Poli/.verb VS Other P(;\(/v.er VS
Mo models 'ng
Properties Properties

Speed,
Endurance, etc.

Design
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RDECOM Millimeter-scale Robotics:

ET L HARGEWALS

Key System-level Questions:
— Power
— Load Bearing

— Framing the Mobility
Design Problem

Power
vs Size

Power vs Mass

Y
Polil_verb S Other P(:xlv_er S
1o models ‘N9
Properties Properties

Speed,

Endurance, etc.

Approved for Public Release

Power Numbers based on demonstrated
Thin Film Battery Technology

1000

{
o
o

Power (mW)

Robot Length Scale vs Total Power

(~*10 min Endurance)
o " | Typical Ant:

Head of a
straight pin:
1.5mm

===0.5 T/L Ratio -
~ ~ 0.5 T/L Ratio -
==(.1 T/L Ratio -
- - 0.1T/L Ratio-
=20 layer Batt -
— — 20 layer Batt -

4 6
Length Scale (mm)

penny: 9.5mm h

1/2 Intrnsic Power
1/5 Intrinsic Power
1/2 Intrinsic Power
1/5 Intrinsic Power
1/2 Intrinsic Power

1/5 Intrinsic Power

8

10

~10 to 1000 mW available at millimeter-scale




RDECOM Millimeter-scale Robotics: ‘

ET L HARGEWALS

Key System-level Questions:

— Power
_ Robot Length Scale vs Total Robot Mass
— Load Bearing
: . 1000 ~ -
— Framing the Mobility — /& . Bumble Bee:
. T3 Lk ¢
Design Problem € 1o 2
(2]
(7]
s
£ ° 1/100 of a
penny: ~25mg
2 Q)
wv 1 &, =
U>'). W Typical Ant:
Power vs Mass - HE . ~3mg g~
.S 0.1 —=0.1 T/L Ratio
= '
P —— P Grain of salt: ~=20 layer Batt
ower vs Other ower vs ~0.1mg
Limb RS Wing 0.01
Properties Properties 0 2 4 6 3 10
Speed. Length Scale (mm)

Endurance, etc.

~10 to 1000 mg likely at millimeter-scale
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Millimeter-scale Robotics:

RDECOM IS :
ET L HARGEWALS

Key System-level Questions:
— Power
— Load Bearing

— Framing the Mobility
Design Problem

Robot Length Scale vs Ratio of Power to
System Mass

Power WESS
vs Size vs Size

B~ U D
RIS
X X =X

Power vs Mass .
==0.5T/L Ratio ——

—0.1 T/L Ratio ——

=20 layer Batt

Power Mass / System Mass

R
Power vs W Power vs

L|mb_ models ng.
Properties Properties

4 6 8
Length Scale (mm)

Speed,
Endurance, etc.

Platform mass to be dominated by mass for power

Approved for Public Release



RDECOM Millimeter-scale Robotics: ‘

ET L HARGEWALS

Flight Mass Supported at 120° ® & 30° a

Key System-level Questions: 10000 / B uvie see:
y y Q - é ~400mg LOW mg,S tO
— Power 1000 1100 of ~30mg
. ' : apenny: .
— Load Bearing f‘ (~25mg Feasible
. system mass

— Framing the Mobility
Design Problem

10.0

g "“f Typical Ant:

L
o

===100 Hz
===200 Hz

Grain of salt: 300 Hz

~0.1mg

Flight Mass Supported (mg)

0.1

Wing Spanlength (mm

Power Required for Corresponding Supported Flight Mass
500 T L T

Power vs Mass

Y
Poli,'veL S Other P(:le_er S
1o models ‘N9
Properties Properties

<1lmW
Mechanical
Power
Required

Frequency (Hz)

Speed, | Approximate

Range for
our work

Endurance, etc.

75 10

E, S
3 4 5
Wing Spanlength (mm)

Approved for Public Release




RDECOM Millimeter-scale Robotics:

ET L HARGEWALS

Key System-level Questions:
— Power
— Load Bearing

— Framing the Mobility
Design Problem

Total Available Power Corresponding to 80%
of Supported Flight Mass at 120° ® & 30° a

1000.0| = 100Hz /2 Power
= 200 Hz /2 Power
300 Hz /2 Power
= = 100Hz /5 Power
= == 200Hz /5 Power

300 Hz /5 Power
P —

Power WESS
vs Size vs Size

Power vs Mass

Total Available Power (mW)

R “——
YA
Polil_veL VS Other P(ixlv_er VS
e models 'ng
Properties Properties

8
Wing Spanlength (mm)

Speed,
Endurance, etc.

Low mW’s to ~30mW available battery power can

be supported by expected flight forces

Approved for Public Release



RDECOM Millimeter-scale Robotics:

ET L HARGEWALS

Key System-level Questions: 500
— Power
— Load Bearing
— Framing the Mobility

400

) ~ 300
Design Problem T
-
Power Mass 8
Vs Size vs Size ()
> 200
o
o
LL

Power vs Mass

R “E——
Power vs T — Power vs
. Other )
Limb Wing

models

.l
!
i : P §
I : i :
Properties Properties - L
’ 1001 2 3 4 75 10
S d, -
Endurgﬁie, o Wing Spanlength (m

Approximate
< 20% of available battery Range for our
power required to fly work
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BDECOM

Key System-level Questions:

— Power
— Load Bearing

— Framing the Mobility
Design Problem

WESS
vs Size

Power
vs Size

Power vs Mass

Power vs
Wing
Properties

Power vs
Limb
Properties

YA
Other
models

Speed,
Endurance, etc.

Approved for Public Release

Mass supported per

Millimeter-scale Robotics:
ET L HARGEWALS

=

Robot Length Scale vs Mass Supported Per Leg
for Battery T/L of 0.5

leg range from ~mg
to ~600mg

—— —

~=Simple Inchworm

==Hexapod - Tripod Gait
~=Qctoped - Tripod Gait-like
~==Myriapod 1 - 15 legs in contact
—Myriapod 2 - leg pair every 200um

2 4 8 10

6
Length Scale (mm)

Total Power (mw)

Robot Mass Supported Per Leg vs Total Power

1000

100

10
0

for /2 Numbers

100’s mW to >Ws
feasible to support with
ground mobile systems

~=Simple Inchworm
=—=Hexapod - Tripod Gait
==Qctoped - Tripod Gait-like
===Myriapod 1 - 15 legs in contact
==Myriapod 2 - leg pair every 200um

10 20 30 40 50 60 70 80 90 100

Mass/Leg (mg)




RDECOM Millimeter-scale Robotics:

ET L HARGEWALS

e 100 Hz 2mW Draw

Key System-level Questions: 2 L
— Power

— — 100Hz5mW draw /\\
-
”~

— — 200Hz5mW draw |
300 Hz 5mW draw

- =

— Load Bearing

— Framing the Mobility
Design Problem

Flight Endurance (hr)

Cannot supply
Power Mass payload power
vs Size vs Size 2

Endurance of
~hour feasible

Power vs Mass L---- 10 £
£ - g
= = - 8 c
w = == o
— — g r \ -------- 'g
Power vs Other Power vs g _|e-==" \_-—-._.________ 6 S
Limb Wing 2 - — x
. models ! w1 o= ——— 3
Properties Properties = — ] a
) — -4 5
E = 100 Hz -
Speed, x ——200Hz | a
Endurance, etc. S ———300Hz Ly &
a — — 100HzR 3
= = J00HzR ‘éﬂ
0 300HzR 0 é

2 4 6 8 10

Subsystem Power Draw (mW)

JSED.

Approved for Public Release T ————




RDECOM Millimeter-scale Robotics:

ET L HARGEWALS

Key System-level Questions:

— Power ——100Hz2mWDraw | Range Limits
. 25 | = 200 Hz 2mW Draw
— Load Beal’lng 300 Hz 2mW Draw |
) L = = 100Hz5mW draw /'—__ — _,:.;;:_—;-‘
— Framing the Mobility 20 |- — 200HzSmw draw [ o
. 300Hz 5mW draw |, b -
Design Problem —_ 7T ’ / P
€ 15 jranpy _
=3 Ve ,
Power Mass ) / ; /
Vs Size vs Size 210 4 /
© / /
E 5 / S—
Power vs Mass 20 - -
L ”
0 - ‘ 1-2 kms in 10
. VA minutes feasible
Power vs Power vs -5
Limb Other Wing 5

. models :
Properties Properties

Wing Spanlength (mm)

Speed,
Endurance, etc.

Cannot supply

payload power
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RDECOM Millimeter-scale Robotics:

f ET L HARGEWALS

Inv  Metric for Loopflex Designs
1.E+09

1.E+09

Insect Load Bearing
FEA

Enables analytical &
numerical model based
Design within system
context

1.E+09

8.E+08

6.E+08

4.E+08

2.E+08

Inv Work needed for Ref Angle

0.E+00
0 1 2 3 4 5 6 7 8 9 10

Power Mass

vs Size vs Size Unimorph Cantilever Loaded Tip Displacement
L e S [ P R Pl
— 1 Micron Ox : : : : :
— 1.8 Micran Ox | |
— 2 Micron Ox !
25 Micron Ox | !
— 3 Micron Ox \ H H H 1
st SN S S

Power vs Mass

Rotational Actuator
Design- FEA

Power vs Other Power vs

R

L|mb_ models Wlng
Properties Properties

Actuator Tip Displacement (Degrees)

Speed, 0 S0 1000 1500 000 2500 3000 3800 4000 4500 GO0
Endurance, etc Actuator Length (um)
, etc.

Design
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RDECOM Millimeter-scale Robotics:

Feasibility Analysis - SUMMARY

At mm-scale:

- Batteries alone:
 ~10 to 1000 mW available Power
« ~10 to 1000 mg Mass
« Platform dominated by power mass

 Flight:
Power Mass
vs Size vs Size « <30mg system mass

« <30mW available battery power can be
supported by flight forces

» < 20% of available power required to fly
<  Several hours endurance feasible

Other SO s e 1-2 kms in 10 minutes feasible
models Wing

Power vs Mass

Power vs
Limb

Properties Properties ° Ground-

Speed, » Mass/leg range from ~mg to ~600mg

Endurance, etc.
 100’s mW to >Ws feasible to support with
ground mobile systems
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State of the Art
Research

Daedelus Systems & UMD

ancnnf>

Harvard

)'s g
(10’s cm-scale)

100’s mg
(cm-scale)

10°’s mg
- (mm-scale)
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